This systematic review and meta-analysis explores the association between facial phenotype and obstructive sleep apnea-hypopnea syndrome in adults. A comprehensive electronic (Medline via Ovid, Scopus, and Embase) database and reference search were undertaken in relation to imaging modalities for surface craniofacial assessments in subjects with sleep apnea. The outcome measures were surface facial dimensions, morphology and profile. The quality of studies was assessed and a meta-analysis conducted. The studies were weighted using the inverse variance method, and the random effects model was used to analyse data. This systematic review identified eight case-control studies. In five studies (906 participants), adults with sleep apnea showed increased weighted mean differences in neck circumference by 1.26 mm (P = 0.0001) with extensive heterogeneity between studies (I² = 93%). Only two studies (467 participants) shared the following outcomes: mandible length, lower facial height, mandible width and anterior mandible height parameters. The pooled results demonstrated obstructive sleep apnea syndrome was associated with larger parameters than controls. In conclusion, the surface facial assessment was able to demonstrate some characteristic morphological features, facilitating a meta-analysis, in adults with obstructive sleep apnea-hypopnea syndrome. The strength of these findings, however, was limited by the heterogeneity of the studies precluding the identification of a clear phenotype.
This systematic review and meta-analysis explores the association between facial phenotype and obstructive sleep apnea-hypopnea syndrome in adults. A comprehensive electronic (Medline via Ovid, Scopus, and Embase) database and reference search were undertaken in relation to imaging modalities for surface craniofacial assessments in subjects with sleep apnea. The outcome measures were surface facial dimensions, morphology and profile. The quality of studies was assessed and a meta-analysis conducted. The studies were weighted using the inverse variance method, and the random effects model was used to analyse data. This systematic review identified eight case-control studies. In five studies (906 participants), adults with sleep apnea showed increased weighted mean differences in neck circumference by 1.26 mm (P = 0.0001) with extensive heterogeneity between studies (I² = 93%). Only two studies (467 participants) shared the following outcomes: mandible length, lower facial height, mandible width and anterior mandible height parameters. The pooled results demonstrated obstructive sleep apnea syndrome was associated with larger parameters than controls. In conclusion, the surface facial assessment was able to demonstrate some characteristic morphological features, facilitating a meta-analysis, in adults with obstructive sleep apnea-hypopnea syndrome. The strength of these findings, however, was limited by the heterogeneity of the studies precluding the identification of a clear phenotype.
IN TROD UCTI ON
Obstructive sleep apnea-hypopnea syndrome (OSAHS) is characterized by repeated collapse of the upper airway during sleep. Among the many reported negative consequences of untreated OSAHS are daytime sleepiness, increased cardiovascular morbidity and mortality, deterioration in cognitive function, motor vehicle accidents and reduced quality of life (Caples et al., 2005; Tregear et al., 2009) . Attempts have been made to predict the presence of OSAHS through pre-screening questionnaires, for example, sleep apnea clinical score (Flemons et al., 1994) , or radiographic and/or surface facial measurement (Banabilh et al., 2009; Battagel and Johal, 2000) .
The existence of various risk factors for OSAHS, such as obesity, gender, ethnicity, age, craniofacial skeletal and pharyngeal soft tissue abnormalities act as potential obstacles for developing a clinical predictor for the diagnosis of OSAHS. A meta-analysis by Miles et al. (1996) examined the relationship between skeletal craniofacial structure and OSAHS in adults, and found unsupported evidence of any direct aetiological basis. Over the last few decades, the majority of researchers have found several skeletal craniofacial differences between OSAHS and control subjects, using cephalometry: retruded mandible, maxillary deficiency and inferior displacement of the hyoid (Costa E Sousa and dos Santos Gil, 2013; Hoekema et al., 2003; Johal et al., 2007) . However, a recent meta-analysis of cephalometric studies has found a strong correlation between limited parameters, facial height, pharyngeal airway area and hyoid position, and OSAHS (Neelapu et al., 2016) .
Facial type has been classified either using the terms brachycephalic (wider and shorter) or dolichocephalic (long and narrow; Enlow and Hans, 1996) , or by indices, such as the cranial index (Ci; the ratio between maximum cranial width and maximum cranial length) or the facial index (Fi; the ratio between nasion-gnathion height and bizygomatic width; Montagu and Bro zek, 1960) . A limited number of studies have examined surface facial morphology of subjects with OSAHS using surface facial assessment techniques (direct measurement, 2D photogrammetry and 3D stereophotogrammetry). The advantage of these techniques is being non-invasive, accessible and inexpensive. However, contradictory results have been found. Research exploring the facial profile/shape in subjects with OSAHS has shown a more common convex profile compared with controls (Banabilh et al., 2010) . In contrast, direct surface measurement has not been able to find any role in identifying OSAHS (Perri et al., 2014) .
In addition, more recently, studies have used photographic prediction models to identify subjects with OSAHS. However, they highlighted the need to combine both clinical and photographic assessment to improve prediction, irrespective of ethnicity (Lee et al., 2009b; Sutherland et al., 2016) .
Thus, to-date, there is no available systematic review of surface facial assessment studies designed to assess the evidence of the existence of a facial phenotype in subjects with OSAHS. The aim of this systematic review is to explore the association between surface facial phenotype and OSAHS in adults.
MATERI ALS AND METHODS

Data sources and searches
The study protocol was registered with International Register of Systematic Review (PROSPERO; CRD42015023901).
A comprehensive search was conducted to identify potentially relevant studies by exploring a range of electronic databases (Medline via Ovid, Scopus, and Embase). Additionally, a Google scholar and reference search were undertaken to identify any other relevant published work. The search was carried out without any time limits (up to 23/ 04/2016). There was no restriction on language or year of publication. Table S1 shows a list of keywords used in the search process.
Study selection
The PICOS tool was used to help formulate an effective search strategy by defining the selection criteria based on a range of clinical questions relative to the participant, intervention, comparison, outcomes and study setting (Centre for Reviews and Dissemination, 2009). Participants were adults (≥18 years old) of any ethnic group with a confirmed diagnosis of OSAHS [apnea-hypopnea index (AHI) >5 events per h]. The interventions included undergoing any surface facial assessment modalities: direct measurement, 2D or 3D photogrammetry, physical examination and craniofacial indices. The control group was used for comparison. Outcomes included surface facial/cervical measurements (e.g. angular, linear and volumetric), facial type, pattern and profile. The study design was limited to observational studies (e.g. case-control and cohort). Furthermore, studies that involved skeletal facial assessment were excluded, as they directly measured the underlying bony configuration. Based on this defined criterion, the titles and abstracts were examined independently by two examiners (BA, AJ), and any disagreements were resolved according to a predefined strategy using consensus and arbitration as appropriate. If, however, the disagreement could not be resolved, then a third investigator (VM) agreed to be approached to help reach consensus.
Data extraction and quality assessment
The relevant titles and abstracts of articles were independently collected and then double-checked by a second examiner (AJ). Studies not meeting the inclusion criteria were recorded under 'Characteristics of excluded studies' along with their reason for exclusion, for example: nonrelevant content (e.g. facial assessment following an intervention, related to upper airway assessment); participants were <18 years old; and/or an associated craniofacial syndrome; or they were review papers (Fig. S1 ). Subsequently, full articles were independently reviewed by two examiners (BA and AJ) for those meeting the selection criteria. The references cited in the reviewed articles were checked. The quality of evidence (risk of bias) for included studies was again assessed independently by the two examiners, using Newcastle-Ottawa-quality assessment scale (Wells et al., 2001) . The quality of the study was ranked by each examiner as follow: if the total score was ≤4 the study will have a high risk of bias, or if scored 5-7 it will be a moderate risk of bias, or >7 will have a low risk of bias. The percentage of agreement between two examiners was calculated, using inter-rater reliability (IRR), with ≥75% representing almost perfect agreement (Table S2) .
Data synthesis and analysis
Meta-analysis was performed using RevMan (version 5.1; Nordic Cochrane Centre, Cochrane Collaboration, 2011). Three of the included studies (Cakirer et al., 2001; Capistrano et al., 2015; Zonato et al., 2005) were not subjected to meta-analysis as they were of low quality evidence or lacked shared outcomes. The common outcomes for the remaining five included studies all regarded as a moderate quality of evidence were analysed using forest plots. These included parameters are mandible length (go-gn), neck circumference (NC), lower face height (sn-gn), mandible width (go-go) and anterior mandibular height (sto-gn). However, only two of included studies (Lee et al., 2009a; Perri et al., 2014) reported all five parameters mentioned above. Pooling the outcomes, weighted mean differences between OSAHS and controls were calculated. The studies were weighted using inverse variance method, and tested for heterogeneity using the Chi 2 test to assess the significance of heterogeneity and I 2 statistics to measure the diversity between studies. Pooled studies with Ithose with I 2 > 75 heterogeneity was regarded as being very high. A random effects model was used because of expected variability in the studies. The precision of the study results was tested using 95% confidence intervals (CIs). In undertaking the analysis the studies were sorted by effect size.
RESUL TS Study characteristics
The search methodology has been reported in line with the PRISMA STATEMENT (Moher et al., 2009) and presented in Fig. 1 . The electronic database search identified 417 articles. After checking references from the selected papers, a total of 420 potential articles were identified. The titles, and where necessary abstracts, were examined against the inclusion criteria and 324 articles were further excluded under the criteria of exclusion mentioned earlier in the data extraction section, leaving a total of 69. Following an examination of the complete text of these articles, a further 61 were excluded because they related to skeletal facial assessment (n = 55) or did not meet the selection criteria (n = 6). The 55 excluded papers involved direct facial bony assessment using either cephalometry, cone beam computer tomography or magnetic resonance imaging (MRI), and as such did not meet the key defined selection criteria of surface facial assessment. Of the remaining six excluded studies, five had no control group for comparison and the remaining study used repeat data for cases, which were already included in this review (Perri et al., 2014) . Thus, eight manuscripts were included in the current review, all of which were of a case-control design. The key characteristics of included studies were reported in Table 1 . Seven out of the eight included studies have been reclassified to a case-control design according to Hennekens et al. (1987) , as illustrated in Table S3 . A high inter-examiner agreement (IRR = 0.88) was observed, with six out of eight included studies (Banabilh et al., 2009 (Banabilh et al., , 2010 Cakirer et al., 2001; Lam et al., 2005 al., 2009a; Perri et al., 2014) judged to be of moderate quality, and the remaining two studies (Capistrano et al., 2015; Zonato et al., 2005) rated as low-level evidence (Tables 1 and S4) . From the quality assessment, the majority of the included studies had an adequate definition of cases (OSAHS subjects) and controls; however, there was potential for selection bias (hospital-based). All the included studies used the same method for cases and controls. However, no response rate was reported. The comparability (either by ethnicity or age or gender) between cases and controls was only present in six included studies, regarded as moderate quality of evidence (Banabilh et al., 2009 (Banabilh et al., , 2010 Cakirer et al., 2001; Lam et al., 2005; Lee et al., 2009a; Perri et al., 2014) .
In the current systematic review, we included four different surface facial assessments to explore morphological features in subjects with OSAHS: (i) 2D photogrammetry of the head and neck region (Capistrano et al., 2015; Lam et al., 2005; Lee et al., 2009a) ; (ii) 3D stereophotogrammetry of the face (Banabilh et al., 2009) ; (iii) direct surface measurements of the face (Cakirer et al., 2001; Perri et al., 2014) ; and (iv) physical examination of the face looking for the sagittal displacement of the mandible or facial profile (Banabilh et al., 2010; Zonato et al., 2005) .
Qualitative assessment of excluded studies from meta-analysis
The following outcomes, in the included studies, were not involved in our meta-analysis: facial profile, retroposition of the mandible, class II occlusion, facial and cranial indices, total face volume, thyromental angle, and facial type and pattern, because they did not share the same parameters (Table 2) .
Two studies used a physical examination: Banabilh et al. (2010) found a convex profile (71.7%) and class II occlusion (51.7%) in subjects with OSAHS; while Zonato et al. (2005) demonstrated more frequent retroposition of the mandible (19.7%) and class II occlusion (26.3%) in subjects with OSAHS.
With an anthropometric caliper, Cakirer et al. (2001) suggested that head form as assessed by facial and cranial indices could predict the OSAHS within specific ethnic groups. Specifically, the cranial index (Ci) in Whites with OSAHS (AHI ≥ 15) was larger than controls (82.3 AE 4.5 versus 80.6 AE 6.2, respectively, P = 0.005) and AfricanAmericans with OSAHS (82.3 AE 4.5 versus 79.9 AE 4.5, respectively, P = 0.007). In addition, Whites with OSAHS were associated with smaller facial index (Fi) than controls (84.5 AE 6.1 versus 87.4 AE 8, respectively, P = 0.006) and African-Americans with OSAHS (84.5 AE 6.1 versus 89.1 AE 9, respectively, P = 0.004). Despite the authors reporting no significant difference between controls and African-Americans with OSAHS, in comparing them with White OSAHS subjects they demonstrated a longer face and decreased facial width (i.e. a dolichocephalic facial type). Furthermore, it would appear that Whites with OSAHS demonstrate a wider head and shorter anterior-posterior dimension (brachycephalic facial type) compared with controls (Cakirer et al., 2001) .
More recently, Capistrano et al. (2015) assessed the facial index and pattern for subjects with OSAHS using standardized photographs, and found a non-significant but high prevalence (80.3%) of class II pattern in OSAHS, in comparison to non-OSAHS subjects (19.7%). In addition, there was no significant difference in facial types between OSAHS and non-OSAHS subjects, despite the predominance (73.5%) of the brachycephalic facial type reported. A study using 3D stereophotogrammetry to capture the facial morphological differences between controls and subjects with OSAHS found an association between an increase in total face volume (7-22%, P < 0.05), specifically in the bucco-submandibular region and OSAHS (Banabilh et al., 2009) . Using a lateral photograph of head and neck area, Lam et al. (2005) found a larger thyromental angle in subjects with OSAHS than normal subjects (mean = 161.17°v ersus 148.92°, respectively) and specifically in Asians than Whites (161°versus 156°, respectively).
Outcomes of forest plots and meta-analysis
We conducted five forest plots in relation to the following outcomes (mandible length, NC, lower face height, mandible width and anterior mandibular height). However, pooling of the data for meta-analysis was not considered appropriate in relation to mandible length due to the opposite direction of the studies included (Fig. 2) . We conducted four meta-analyses to pool the following outcomes (NC, lower face height, mandible width and anterior mandibular height).
Association between mandible length and OSAHS
Two studies (Lee et al., 2009a; Perri et al., 2014) showed a non-significant association between mandible length and OSAHS, one of them (Perri et al., 2014) in the other direction (Fig. 2) , with the standard mean differences varying between À0.43 (À0.74 to À0.13) and 0.97 (0.72-1.21).
Association between NC and OSAHS
Adults with OSAHS showed an increased weighted mean difference in NC when compared with controls, in five casecontrol studies (Banabilh et al., 2009 (Banabilh et al., , 2010 Lam et al., 2005; Lee et al., 2009a; Perri et al., 2014) . The pooled mean change was 1.26 mm (0.64-1.88), with large heterogeneity found between studies (Q = 60.62, df = 4, P = 0.00001, I 2 = 93%; Fig. 3 ).
Association between lower facial height and OSAHS OSA showed increased weighted mean differences in the lower facial height of 0.16 mm (À0.02 to 0.35), and no heterogeneity was found between these studies (Q = 0.09, df = 1, P = 0.76, I 2 = 0%).
Association between mandible width and OSAHS
Subjects with OSAHS demonstrated an increased weighted mean difference in mandible width of 0.86 mm (0.43-1.29) compared with controls ( Fig. 5) , with a high level of heterogeneity (Q = 4.70, df = 1, P = 0.03, I 2 = 79%).
Association between anterior mandibular height and OSAHS
There was an increased weighted mean difference in anterior mandibular height for subjects with OSAHS compared with controls by 0.13 (À0.05 to 0.31), and no heterogeneity was found between these studies (Q = 0.23, df = 1, P = 0.63, I 2 = 0%; Fig. 6 ).
DISCUSSION
Craniofacial (skeletal) differences between OSAHS and controls are widely reported using a range of radiographic (Lee et al., 2009a (Lee et al., , 2010 Sutherland et al., 2014) . The objective of this systematic review was not only to explore a surface facial phenotype in subjects with OSAHS, but also to undertake a comprehensive evaluation of significant outcomes. From the literature, only eight case-control studies met the pre-specified eligibility criteria, which are regarded as providing level III evidence (Jenicek, 2003) . However, well-designed observational studies have been shown to provide results similar to randomized controlled trials. As the majority of included studies were judged to be of a moderate level of evidence, comparison of their findings using forest plots was justified. However, two of the included studies (Capistrano et al., 2015; Zonato et al., 2005 ) had a low and unreliable level of evidence, and were not consequently included in the meta-analysis.
Various facial and/or cervical parameters were used in the included studies, with NC, mandible length and retrognathism 
ª 2016 European Sleep Research Society being the most commonly applied. There was variation in the adopted parameters and methods, for example Lee et al. (2009a) and Perri et al. (2014) used surface cephalometric measurements whilst others adopted a physical examination to assess the facial profile (Banabilh et al., 2010) , and therefore these inconsistencies add an additional difficulty to identification of a facial phenotype in subjects with OSAHS in the present review. With the exception of Lee et al. (2009a) and Perri et al. (2014) , it was not feasible to compare the other included studies because of variation in the specific outcomes applied. While a number of cephalometric studies have reported a decrease in facial projection as an important pattern in OSAHS (Costa E Sousa and dos Santos Gil, 2013; Johal et al., 2007; Tangugsorn et al., 1995) , the included studies of Banabilh et al. (2010) and Zonato et al. (2005) highlighted the frequency of class II occlusion and a retruded mandible in subjects with OSAHS, using a range of physical assessments. This finding is consistent with Ferguson et al. (1995) who also demonstrated abnormal craniofacial structure, i.e. retrognathic mandible may predispose OSAHS. Cakirer et al. (2001) found a tendency towards a brachycephalic and dolichocephalic facial type in comparing White and African-American OSAHS with each other, respectively. A similar finding was reported by Vidovic et al. (2013) , with a predominantly brachycephalic face observed in Croatian OSAHS subjects compared with controls (Ci, 82.10 AE 5.65 versus 76.82 AE 2.89, respectively). Whiles Capistrano et al. (2015) did not find any significant difference in facial type between OSAHS and non-OSAHS subjects, there was a high prevalence of class II pattern in the OSAHS group. The latter finding is in agreement with Banabilh et al. (2010) .
A detectable adiposity in the neck area has been reported as a risk factor for OSAHS (Stradling and Crosby, 1991) . A larger thyromental angle in Asians compared with Whites with OSAHS has been reported (Lam et al., 2005) . Additionally, Banabilh et al. (2009) suggested an increased volume in the submandibular region in Malaysians with OSAHS as a result of fat accumulation and this lead to caudalization of the hyoid bone, with consequent effects in the oro-pharyngeal airway. Therefore, facial obesity and craniofacial abnormalities may, in turn, have an impact on the upper airway collapsibility (Watanabe et al., 2002) .
All the included studies were designed to assess surface, and not skeletal, facial features, despite variation in the specific methods of measurement, enabling data synthesis and analysis. Five studies with reliable levels of evidence and shared outcomes were included in the forest plot analysis (Banabilh et al., 2009 (Banabilh et al., , 2010 Lam et al., 2005; Lee et al., 2009a; Perri et al., 2014) .
Recently, Sutherland et al. (2014) reported mandibular length, amongst their identified skeletal parameters, as a contributing factor to the identification of an OSAHS phenotype when using facial photography and MRI. Interestingly, the role of mandibular length was also demonstrated by Lee et al. (2009a) and Perri et al. (2014) but with contradictory findings, with the former revealing a shorter mandibular length in subjects with OSAHS.
In relation to NC, five studies were included in the metaanalysis and represented 555 participants with OSAHS and revealed a significant increase. This finding is in agreement Ahbab et al. (2013) , who found a large NC in severe OSAHS and considered as an independent risk factor for these subjects. In the present systematic review, the body mass index (BMI) was also reported to be higher in subjects with OSAHS compared with healthy subjects, suggesting that the increased NC in OSAHS may be related to an increased BMI. However, it must be acknowledged that although NC was a common variable in the identified publications assessing OSAHS facial phenotype, the present systematic review does not in itself represent a comprehensive meta-analysis of NC in OSAHS and, therefore, this finding should be interpreted with a degree of caution.
Other direct surface measurements (mandible width, anterior mandibular height, lower facial height) in our analysis were larger in subjects with OSAHS than controls, this could reflect a true underlying skeletal discrepancy or may be influenced by soft tissue thickness (high BMI in subjects with OSAHS). In a comparison of normal weight and obese subjects, matched for OSAHS severity, Battagel and Johal (2000) demonstrated that normal weight OSAHS subjects had more retrusive craniofacial morphology, whilst those with obesity revealed greater soft tissue abnormalities.
Amongst the limitations of the current systematic review were that only two examiners performed the risk of bias assessment. However, the IRR demonstrated near perfect agreement, and so whilst a third examiner was available to resolve any disagreements, they were not required. Furthermore, limited numbers of shared outcomes, referral bias, population (BMI and ethnicity) and facial assessment technique differences existed in some instances. Despite the heterogeneity between some variables in the two selected studies (Lee et al., 2009a; Perri et al., 2014) , the observed effect remained in a similar direction, and thus the metaanalysis served to confirm the potential importance of these variables in relation to identifying a facial phenotype.
Based on this meta-analysis, the surface morphology of the mandible may have a potential role in the identification of OSAHS as a pre-screening parameter in clinical practice Figure 2 . Forest plot of differences in mandible length (go-gn) between subjects with OSAHS and controls. CI, confidence interval; IV, inverse variance method; OSAHS, obstructive sleep apnea-hypopnea syndrome; Random, random effect method. (Lee et al., 2009a (Lee et al., , 2010 Perri et al., 2014; Sutherland et al., 2014) . This potentially relevant finding justifies the need for further evaluation to identify the existence of a facial phenotype in OSAHS and should aim to minimize the above limitations.
CONCLUSI ON
Surface facial assessment was able to demonstrate some characteristic morphological features, facilitating a metaanalysis, in adults with OSAHS. The strength of these findings, however, was limited by the heterogeneity of the studies precluding the identification of a clear phenotype. Figure 5 . Forest plot of differences in mandible width (go-go) between subjects with OSAHS and controls. CI, confidence interval; df, degrees of freedom; I 2 , heterogeneity (diversity between studies); IV, inverse variance method; OSAHS, obstructive sleep apnea-hypopnea syndrome; Random, random effect method. Figure 6 . Forest plot of differences in anterior mandibular height (sto-gn) between subjects with OSAHS and controls. CI, confidence interval; df, degrees of freedom; I 2 , heterogeneity (diversity between studies); IV, inverse variance method; OSAHS, obstructive sleep apnea-hypopnea syndrome; Random, random effect method.
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